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along a total internal reflection interface. In one embod-
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face is calculated in order to determine a distance be-

tween axes (64 and 66) of two waveguides. The spacing
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light having a transverse magnetic polarization. Prefer-

ably, the spacing between axes is established to mini-

mize polarization dependent loss. In another embodi-

ment of the invention, the incidence angles of the two

waveguides are selected on the basis of achieving equal

lateral shifts of the two polarizations, so that polarization

dependent loss is minimized.
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Description
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[0008] What is needed is an optical coupling arrangement of waveguides in which polarization dependent losses are

neutralized or rendered predictable. What is also needed is a method of determining efficient layouts for positioning

waveguides relative to a TIR interface.

5 SUMMARY OF THE INVENTION

[0009] Optical efficiency in the coupling of two waveguides that intersect an interface between high and low refractive

index regions is enhanced by determining compensation for the Goos-Hanchen effect along the interface. In one em-

bodiment, the lateral shift of reflected light along the interface is predicted in order to determine a distance at which

10 the axes of the two waveguides should be spaced apart along the interface. In another embodiment, the incidence

angles of the two waveguides are selected so as to equalize the lateral shifts for the polarizations, since light collection

by the second waveguide can be increased by selection of the proper angle, even if the spacing between the two

waveguide axes remains fixed. In the preferred embodiment, both the distance between the axes and the incidence

angles are selected to provide compensation for the Goos-Hanchen effect.

15 [0010] As previously noted, TIR occurs when a ray of light impinges the interface between the high and low refractive

index regions from the high index side. However, the Goos-Hanchen effect causes the reflected light to emerge from

the interface a short distance away from the point at which the incident light intersects the interface. By tailoring the

positions and/or the angles of waveguides to maximize the collection of the reflected light, the reliability of signal

processing can be improved. The optimal positioning is polarization dependent. That is
:
the lateral shift (zTM ) of light

20 having a TM polarization is different than the lateral shift (zTE ) of light having a TE polarization. Reflection can be

optimized for either the TM polarization or the TE polarization. Alternatively, the distance between the axes of the

waveguides along the interface can be selected to equalize the loss for the two polarizations. By selecting the distance

to be one-half of the difference between the two optimal points of the two polarizations, a zero-polarization dependent

loss (PDL) for the reflection can be approached. This provides an acceptable overall low loss arrangement.

25 [0011] The lateral shift of light having the TM polarization may be calculated on.the basis of the following equation:

Ztm = 2(N
2
-n

2
)"

1 '2
tan (e)/k(N

2
/n3+N

2
/n

f

2
-1)i Eq. 1

^0 where k=2n/\, ns is the low refractive index, n
f
is the high refractive index, N=n sine 6, 0 is the angle of incidence, and

X is the wavelength of the light. The lateral shift for light having the TE polarization may be determined using the

following equation:

35 zTE = 2(N
2
-n

2
)-
1/2

tan(e)/k
\

Eq.2

The zTM and zTE values can be converted using known trigonometric relations to a beam displacement from the position

that the beam would be obtained if a geometrical reflection were to have occurred. The conversion can be used to

determine the signal attenuation that would occur if two waveguides were at geometrical reflection positions. However,
40 the loss can be eliminated by arranging the two waveguides to intersect the plane of total internal reflection such that

the axes of the waveguides are spaced apart by the desired distance. This step of arranging the waveguides may be

performed by fabricating the waveguides to end at a preselected plane that defines the interface. Alternatively, the

waveguides can be fabricated to have intersecting axes, but then truncating along the plane that provides the desired

spacing between the two axes. As previously noted, the spacing may be selected based solely upon the determination

4$ of ztm> or so 'ely upon the determination of zTE , or upon the average between zTM and zTE .

[0012] The incidence angles for a particular application of folding a beam path that includes propagation along two

waveguides can be selected to minimize polarization dependent loss. Since the lateral shifts of Eq. 1 and Eq. 2 are

dependent upon the incidence angle (6), the selection of the equal angles of incidence of the two waveguides relative

to the normal of the interface is a function of the refractive index (n
f)

of the waveguides (i.e., the effective phase index

50 of the waveguides) and the refractive index (ns) of the region on a side of the interface opposite to the waveguides.

Solving Eq. 1 and Eq. 2 for the condition that provides a substantially equal shift for the two polarizations provides the

alternative equations:

55 sine (6) - (2/(nf/n
2
+1 ))

1/2
Eq. 3

and
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0 = arcsine ((2/(n
f
Vn,+1 )) ) Eq.4

10

15

20

25

t^lTor^Teft^T diSP
!

aC^ent al0^ the interf-^ the incidence angle can be optimized for one

loss s tpnr^n a
q IS Preferab|y used t0 determine the condition in which the polarization dependent

BRIEF DESCRIPTION OF THE DRAWINGS

[0013]

Fig.
1 is a top view of an optical switching unit that utilizes total internal reflection in accordance with the prior artFig. 2 is a represents of total internal reflection as a result of the Goos-Hanchen effect

Rn ! !« I
!°P

V 'eW
°!

3 S,eady"State °Ptical switchin9 arrangement in accordance with the inventionFig. 4 ,s a top v,ew of a switching arrangement in accordance with the invention
Fig. 5 is a process flow of steps for implementing one embodiment of the invention
Fig. 6 » a process flow of steps for imp.ementing an alternative or additional embodiment of the invention.

DETAILED DESCRIPTION
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the input waveguide axis 64 and the normal of the sidewail of the trench 60 and the angle 62 between the output

waveguide axis 66 and the normal to the sidewail of the trench. If the angles e
1
and 02 are fixed, the distance between

the points at which the axes 64 and 66 intersect the sidewail of the trench 60 may be varied. For example, there may
be applications in which the waveguides are formed but the position of the trench 60 is negotiable, so that any one of

5 the three distances zTM ,
zTE or zAVE of Fig. 2 may be established by precisely etching the trench 60 in the appropriate

location. On the other hand, there may be applications in which the distance between the intersection points of the

waveguide axes upon the trench is fixed, but the incidence angle is negotiable. Depending upon the application, the

geometry of the waveguides and the interface is selected to provide efficient coupling from the input waveguide 56 to

the output waveguide 58.

w [0019] While the waveguides 56 and 58 will be described as being input and output waveguides, bidirectional coupling

is available in the geometry shown in Fig. 3. That is, a beam which is introduced to the waveguide 58 from an external

source will reflect from the sidewail of the trench 60 to the waveguide 56 at an efficiency that equals the efficiency of

propagation in the opposite direction.

[0020] For a given incidence angle, the lateral shift of light having the TM polarization may be calculated on the basis

*5 of the following equation:

z-™ = 2(N
2
-n

2
)~

1/2
tan (9)/k(N

2
/n

2+N2
/nf-1) Eq. 1

20 where k=2n/X, n
f
is the refractive index (effective phase index) of the waveguides, ns is the refractive index of the region

within the trench 60, N=n sine 6, 8 is the incidence angle, and X is the wavelength of the light beam. For an application

in which a goal is to optimize the coupling of the input waveguide 56 to the output waveguide 58 with respect to light

having the TM polarization, this equation may be used. The result is that there will be a high polarization dependent

loss, since the optical coupling arrangement will be polarization preferential. However, the polarization selectivity may
25 be desired in some applications.

[0021] In any applications in which selectivity of light having the TE polarization is desired, the following equation

may be used:

30

50

zTE = 2(N
2
-n

2
)~
1/2

tan (G)/k , Eq. 2

By spacing apart the axes of the input and output waveguides 56 and 58 by the distance zTE , the coupling arrangement

will be preferential to light having the desired polarization.

[0022] In a third application, the goal is to minimize the polarization dependent loss for the reflection from the input

35 waveguide 56 to the output waveguide 58. For a given waveguide incidence angle, this may be achieved by separating

the two waveguide axes 64 and 66 by a distance that is the average of zTM and zTE . As a result, the transmission into

the receiving waveguide 58 has a transfer coefficient that is approximately Gaussian with respect to the offset between

the center of the beam of light and the axis 66 of the receiving waveguide. Therefore, the signal loss is predictable and

within acceptable tolerances.

40 [0023] In another embodiment, the angle of incidence is selected in order to achieve an optically efficient coupling

arrangement between the input waveguide 56 and the output waveguide 58. By selecting the proper incidence angle,

the two polarizations will experience the same lateral shift. The condition that provides the same shift for the two

polarizations is determined by the formula:

sine (0) = (2/(nf/n
2
+1 ))

1/2
Eq. 3

That is, the angle between each waveguide axis 64 or 66 and a line that is perpendicular to the sidewail of the trench

60 is determined by:

0 = arcsine ((2/(nf/n
2
+1))

1/2
) Eq. 4

Thus, if the refractive index (n
f)

of the waveguide material and the refractive index (ns) of the trench region are known,
55 the incidence angle can be readily calculated. As an example, if ns is the refractive index of air and the waveguides

are formed of materials that provide a refractive index (n
f
) in the range of 1 .30 to 1 .60, the range of incidence angles

determined using Eq. 3 is indicated in Table 1 . It should be noted that the refractive index referred to within Table 1 is
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the effective phase index of the waveguide, which means that a typical waveguide would
of approximately 53°.

require an incidence angle

TABLE 1
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G, degrees

I .ou oy.oy

bo.bb

1 ^KA C~7 ~7~7

1 .JO bb.y^

1 JO 3D. I U

1 An ob.oU

04.00

oo./o

1.46 53.06

1.48 52.36

1.50 51.68

1.52 51.02

1.54 50.38

1.56 49.76

1.58 49.15

1.60 48.56

n,, } ,

9 '"UStrates a switchin3 arrangement 68 in accordance with the invention. The switching arrangementincludes two ,npu waveguides 70 and 72 and two output waveguides 74 and 76. The switching arrangements shTnm a reflecting state ,n fig. 4. In this state, a microheater 78 is activated to heat fluid 80 within a trench 82 TheZhas a refractive index that substantially matches the effective phase index of the waveguides. One acceptable flu d s

wavZLT th I
aCt

;

Vati°n °f miCr°heater 78— * 9- bubbte to be formed a, the junctbn o the 0 rS ,!fu'
y Creat 'n9 8 t0ta

'

'nlernal refleCtion in,erface at the sidewa " °f the trench 82

couoSd t^hT ^ ri,Chin9 arran9ement 68 is in the refle<*ng ^ate of Fig; 4, the input waveguide 70 is opticallycoupled to the output wavegu.de 74. Thus, light propagating along the input waveguide 70 is reflected at the sfdewaSof the trench 82 ,nto the output waveguide 74. On the other hand, the axis of the waveguide 76 is suffiJiontTy spicedapart from ,he axis of the input waveguide 72 to prevent optica, coupling between the input and

a

3

n

n

d outpu^u^tT " «° »°*» ooup.ing between input waveguide 72

[0026] When the microheater 78 is deactivated, the fluid 80 within the trench 82 will occupy the portion of the trench

mafchiK" °

f

f

I
0" Wa

!f
9UideS ?°< 72

'

74 and 76 B6CauSe the fluid has a refractive index'whic s bstaSy
Sn .

* ^ P"839 ,ndex of the waveguides, the switching arrangement 68 will be in a transmitting stateS^nals introduced v,a the input waveguide 70 will propagate through the index-matching fluid to the outputSeguTdeLSoi s'9-'s 'Educed via the input waveguide 72 will propagate through the fluid to the outpu"waveguide 74. Otherapproaches to manipulating fluid relative to thejunctionof thefourwaveguides maybe subsZedFor example, the techniques used in inkjet printheads may be used to fire the index-matching fluid fron th iunctfonof the waveguides, with capillary action being used to replenish the fluid
[0027] Referring now to Fig. 5, one embodiment for providing an efficient optical coupling of waveguides usina a

Thfs teTm v b
eCt'°n (T

J
R) interf3Ce inClUd6S 8 StGP 84 °f determining 3 lateral Shift for W* having a TM polarizationThis step may be carried out using Eq. 1

.
In step 86, the lateral shift of light having a TE polarization is determinedThe calculation may be based on Eq. 2. Optionally, on.y one of the steps 84 and 86 is ufllized since therlTav be

K£TT !"
Wh
cf rUPHn9 °f °nly 006 ° f thS™ P° lariZed^ or the TE polarized light isp« "

KLntm^onh,TZST*** °" Wave9uides and a™ interface is established. In one

arion Z u 5 P
;

wave9u,des are Patterned relative to a fixed TIR interface. In an alternative implemen-tation, the waveguides are fabricated to have intersecting axes, but waveguide materia, is then etched to IcZteTm
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interface at the desired location, with the axes being spaced apart at the TIR interface as described with reference to

Figs. 3 and 4.

[0029] As an alternative or additional process for providing an efficient optical coupling arrangement of waveguides,

step 90 of Fig. 6 includes determining the incidence angle that provides a generally equal lateral shift of beams having

5 TM andTE polarizations. Eq. 4 may be used in implementing step 90. The determination of the incidence angle is then

used at step 92 to establish a calculated relationship between each of the waveguides and a TIR interface. As a result,

a polarization dependent loss of approximately zero is achieved simultaneously with a reflection loss of zero.

10 Claims

1. An optical coupling arrangement (54; and 68) comprising:

a first optical waveguide (56; and 70) having a first axis (64) and a first end: and
15 a second optical waveguide (58; and 74) having a second axis (66) and a second end, said first and second

ends being positioned along a common interface (60; and 82) such that a change in refractive index at said

interface induces reflection of light from said first optical waveguide to said second optical waveguide, said

first and second axes being spaced apart at said interface by a distance selected to compensate for Goos-

Hanchen effect along said interface.

20

2. The optical coupling arrangement of claim 1 wherein said interface (60; and 82) is a boundary of a change in

refractive index from a relatively high refractive index of said first (56; and 70) and second optical waveguides (58;

and 74) to a lower refractive index, said Goos-Hanchen effect being a lateral shift (zs) of light impinging said

interface from said first optical waveguide.
25

3. The optical coupling arrangement of claim 1 or 2 wherein said first and second axes (64 and 66) are spaced apart

from each other along said interface by an offset that is between a lateral shift of light having a transverse magnetic

(TM) polarization and a lateral shift of light having a transverse electric (TE) polarization.

30 4. The optical coupling arrangement of claim 3 wherein said lateral shift (zTM ) of said light having said TM polarization

is

zTM = 2(N
2
-n

2
)"

1/2
tan (e)/k(N

2
/ng+N

2
/nf-1)

35

and where said lateral shift (zTE) of said light having said TE polarization is

ZyE = 2(N
2
-n

2
)"

1/2
tan (0)/k

40

where k = 2n/X, n
f
is said relatively high refractive index, ns is said lower refractive index, N=nf sine G, G is the

angle of incidence of said light to said interface, and X is the wavelength of said light.

5. The optical coupling arrangement of claim 1 or 2 wherein said first and second axes (64 and 66) are spaced apart

45 along said interface by an offset that is based upon high efficiency coupling of one of light having a TM polarization

and light having a TE polarization.

6. The optical coupling arrangement of claim 1 wherein said first (56; and 70) and second optical waveguides (58;

and 74) are at angles and G2> respectively, to the normal of said interface, said angles being selected to com-

50 pensate for Goos-Hanchen effect at said interface (82).

7. The optical coupling arrangement of claim 6 wherein each said angle 6
n
and G2 is determined on a basis that said

angle is generally equal to arcsine ((2/(n2 /n|+1 ))
1/2

) :
where n

f
is a refractive index of said first (56: and 70) and

second optical waveguides (58; and 74) and where ns is a refractive index at said interface, said angles being equal.

55

8. The optical coupling arrangement of claim 1 , 2, 3, 4, 5, 6 or 7 further comprising:

a fluid (80) having an index of refraction substantially matching an effective phase index of said first (70) and

BNSDOCID: <EP 1 162483A2_I_>
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second optical waveguides (74); and

10

15

a mechanism (78) for manipulating said fluid relative to said first and second ends, thereby providing a refiectina

fs t ^T J ^ ^^^ endS^ 9^ itting state in which2SS

9
*

° f
°PtlCal,y COUP,m9 8 Wavegulde

<
56; and 7°) t0 * second waveguide (58; and 74) comprising the

determining a lateral shift of rays of light propagating from said first waveguide to impinge on a plane of total

'S! f'T; inC,Udlng baSing said determination of said lateral shift on factors that include refractiveindices of sa.d first wavegu.de and a region (60; and 82) on a side of said plane opposite to said first waveguide;

SriJlTLw
firS

!
|

and
+

SeCOnd wave9^es to intersect said plane of total internal reflection such that axes

fnnn !5 I ?
wave9 u 'des are spaced apart at said plane by a distance that is basedupon said determination of lateral shift.
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FIG. 1

(PRIOR ART)
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FIG. 3
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FIG. 4
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DETERMINE A LATERAL SHIFT
FOR LIGHT HAVING A TM POLARIZATION

84

I
DETERMINE A LATERAL SHIFT

FOR LIGHT HAVING A TE POLARIZATION

86

I
ESTABLISH THE CALCULATED RELATIONSHIP
BETWEEN WAVEGUIDES AND A TIR INTERFACE

88

FIG. 5
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DETERMINE AN INCIDENCE ANGLE THAT PROVIDES
A GENERALLY EQUAL LATERAL SHIFT OF BEAMS

HAVING TM AND TE POLARIZATION

I
ESTABLISH THE CALCULATED RELATIONSHIP
BETWEEN WAVEGUIDES AND A TIR INTERFACE

FIG. 6


